The authors present the evolution of ultrashort pulses diffracted through a slit in the complementary space-frequency and space-time domains. Spectral anomalies near phase singularities are found to influence the pulse evolution in the space-time domain. The results of this work have important implications in free-space information transmission. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2236979͔ Ultrashort laser pulses are used in several applications especially in the areas of spectroscopy, microscopy, and machining and, recently, are also being explored for free-space optical communication.
Ultrashort laser pulses are used in several applications especially in the areas of spectroscopy, microscopy, and machining and, recently, are also being explored for free-space optical communication. 1 Though several aspects related to propagation and diffraction of ultrashort pulses have been studied in the past, [2] [3] [4] [5] there are no detailed studies on their spectral evolution due to diffraction. For an accurate treatment of ultrashort pulses it is important to consider the propagation of individual spectral components instead of considering all the spectral components of the pulse to be wavelength independent. The time evolution due to diffraction of an ultrashort laser pulse through a circular aperture in the Fresnel regime has been investigated recently on this basis with implications in experiments involving fast dynamics. 4 Since Gbur et al. showed dramatic spectral changes in the vicinity of intensity zeros in the focal region of polychromatic field 6 and a subsequent experimental demonstration of the effect 7 there is an increasing interest in the anomalous spectral behavior of partially and fully coherent polychromatic light near phase singularities. [8] [9] [10] At points in optical field where the intensity has zero values, the phase becomes indeterminate and the structure of the field near such points has complex structures including dislocations and vortices. 1 In this letter, we present our results on the spatial dependence of the spectrum of an ultrashort pulse due to diffraction at a slit near phase singularities and its impact on the pulse evolution. The numerical approach used here is carried out by decomposition of the pulse into its spectral components and propagating each of these independently in the medium, assumed to be linear. We investigate further to correlate the effect of spectral anomalies with pulse evolution in space and time domains.
Detailed discussion on the mathematical approach is given in our earlier publications 12, 13 where we consider the complex analytic form of the optical pulse which gives only positive frequency components on Fourier decomposition.
The spectral equivalent of the pulse is obtained by Fourier transform of the analytic field followed by an equidistant sampling in the spectral domain. A proper sampling of the spectral phase is ensured to account for pulse broadening, pulse distortion, pulse front delay, and chirping of the pulse in time domain. Since we consider linear dielectrics, we can propagate each spectral component independently through the media to get the spectral equivalent of the pulse at the output plane.
The numerical simulation technique used here makes it possible to evaluate the pulse field at any arbitrary plane along the propagation direction without any approximation and in general allows pulses of different spatial or temporal pulse profiles to be considered. For the simulations presented here, we consider Gaussian spatial-temporal pulses with a pulse width of 5 fs ͓full width at half maximum ͑FWHM͔͒ and a spectral width of 180 nm ͑FWHM͒. We choose the central wavelength to be 800 nm, to match the Ti: sapphire laser wavelength and a diffracting slit of 0.05 mm width. The spectral content at on-axis and different off-axis locations are analyzed in the x , y plane transverse to propagation direction z, with the origin at the center of the transverse plane ͑Fig. 1͒.
The spatial dependence of the ultrashort pulse spectrum due to diffraction at the slit shows either a blueshift, a redshift, or an asymmetric/symmetric split into two peaks depending on the spatial location in the observation plane ͑Fig. small blueshift is observed in the spectra at points close to the axis ͑x =0, y =0͒ and it gradually turns to a redshift with an asymmetric split in the spectral distribution on moving in the off-axial direction. Moving further away from the on-axis position in the observation plane, the redshifted spectrum with an asymmetric split transforms into one with a symmetric split at ͑x = 3.0 mm, y =0͒, with zero intensity corresponding to the central frequency of the ultrashort pulse. As we consider points beyond the symmetric split location along the x axis, this again turns into an asymmetrically split spectral pattern, leading to a blueshifted spectral maximum and eventually the asymmetry disappears. Such a behavior, referred to as anomalous spectral behavior, is periodic in the transverse plane. Though certain aspects of such anomalous spectral behavior have been reported recently, 5 the behavior of phase at the corresponding spatial locations has not been examined closely. In addition, recent reports on diffraction-induced spectral anomalies and phase singularities in the case of partially and fully spatially coherent polychromatic light [8] [9] [10] and its implication in free-space optical communication prompted us to investigate further the spectral phase of ultrashort pulses diffracted by the slit. Figure 3 shows the input pulse spectrum ͑curve a͒ and the blueshifted spectrum ͑curve b͒ in the observation plane at ͑x , y , z =0,0,500 mm͒, and the corresponding variation of the spectral phase ͑curve c͒. As can be seen, the phase varies continuously with frequency.
We now proceed to examine the behavior of the spectral phase at off-axis locations and present the result at ͑x , y , z = 3 mm, 0 , 500 mm͒, where the spectral split is symmetric. Figure 4 shows the spectral distribution at this point ͑curve b͒ and the corresponding variation of the spectral phase ͑curve c͒ along with input pulse spectrum ͑curve a͒. The spectral phase becomes singular where the central frequency of the ultrashort pulse has zero value. We also note that apart from its magnitude, the behavior of the spectral phase is the same irrespective of whether the spectral split is symmetric or asymmetric.
Next we present the impact of such spectral anomalies and the spectral phase behavior near singular points on the evolution of the ultrashort pulse in the space-time domain. The pulse evolution upon diffraction through the slit at different times, t − t 0 =0-9 fs, evaluated in the observation plane is shown in Fig. 5 . It is seen from the dynamic diffraction pattern ͑Fig. 5͒ that higher diffraction order appears at a later time due to the longer time taken by a portion of the pulse to reach an off-axis position. In Fig. 5͑c͒ we observe that the pulse splits asymmetrically into two in space and time ͑2.6 fs͒ and in the course of time, the split portions grow equal in size ͑4 fs͒, leading to a symmetric split ͓Fig. 5͑d͔͒. The pulse then develops a reverse asymmetric split after certain time ͑5.8 fs͒, as shown in Fig. 5͑e͒ . Proceeding further in space and time, the split pulse combines together to form a single pulse ͓Fig. 5͑f͔͒. This process is cyclic and would continue further in space and time but with reduced amplitude. The critical distances where we observe spectral anomalies correspond to the distances where we observe the pulse splitting in the space-time domain as well. In summary, we report the observation of spectral anomalies near phase singularity due to diffraction of ultrashort pulses through a slit and its impact on the pulse evolution in the complementary space-time domain. The anomalous spectral behavior near phase singularities acquires significance in free-space optical transmission applications involving rapid switching both in the spectral and time domains.
